A novel scheme for fast conformational search has been developed by combining the replica exchange method ͑REM͒ with the generalized effective potential concept. The new method, referred to Q-REM ͓S. Jang et al. Phys. Rev. Lett. 91, 058305 ͑2003͔͒, is expected to provide a useful alternative to the conventional REM for effective conformational sampling of complex systems. The authors have performed folding simulations of the Trp-cage miniprotein using Q-REM. All atom level simulations with generalized Born solvent access-area solvation model show that successful folding can be observed with much smaller number of replicas in Q-REM compared to the conventional REM. It can be concluded that the new method has potential to significantly improve sampling efficiency, allowing simulations of more challenging systems.
INTRODUCTION
One of the main issues in the computational study of complex molecular systems is the problem of sampling in conformational and/or energy space. In particular, the efficient sampling of polymers and biomolecules such as proteins and DNA, which have a rugged energy surface, still remains as a challenge. Efficient sampling of biomolecules enables us to obtain the physical/chemical properties of the system, including structural properties closely related to their functionality. Significant progress has been made recently in this area due to the development of several novel computational strategies, ranging from distributed computing 1 to generalized ensemble methods 2 as well as the development of ever fast computational hardware.
In the category of generalized ensemble methods, the replica exchange method 3, 4 ͑REM͒ is one of the most powerful techniques and has been successfully used in many studies. 5, 6 However, even though its applicability to realistic systems is considerably better than many other methods, perhaps the main problem of REM is its limited extension to system with many degrees of freedom, as is the case with most of the searching schemes. The conventional form of REM involves occasional trajectory exchanges in temperature space, and more trajectories ͑replicas͒ are needed within the same temperature range as the system size increases. 7, 8 Although the increased number of replicas may contribute to the overall convergence of the "ensemble properties," the poor scaling with system size remains a problem when it comes to "efficient searching" due to requirement of heavy computational resources. This problem can be reduced somewhat by effectively placing the replicas within a given temperature range. 9 Instead one might expect significant improvement if the replica exchange could be performed in some effective Hamiltonian space 7 rather than a simple temperature space, as well as increased performance of each replica. 10 The relevant issue would be how to choose such Hamiltonian space. It is worthwhile to note the recent REM strategy of Liu et al., called replica exchange with solute tempering, 11 and those of Affentranger et al. 12 and Okur et al., 13 which address the poor scalability of conventional REM especially in the presence of explicit solvation.
The synthetic miniprotein Trp-cage 14 ͑TC5b, PDB ID 1L2Y͒ is a well known fast folder and it has served as one of the benchmark proteins both for computational and experimental studies. 15 Several folding simulations, ranging from simple model to all atom level, reveal the details of the folding mechanism and the free energy landscape of Trp-cage. [16] [17] [18] [19] Simmerling et al. reported successful ab initio folding starting from the extended conformation in an all atom level under the generalized Born solvent access area ͑GBSA͒ solvation model at a moderately elevated temperature. 20 REM was applied on Trp-cage, with both implicit and explicit solvation environments. Zhou conducted a REM-P3ME/RESPA simulation ͑with 50 replicas͒ under an OPLSAA force field with simple point charge explicit waters and reported subtleties on using the implicit solvation models. 19 Stochastic tunneling studies and energy landscape paving simulations were carried out with a PFF01 force field by Schug et al. 21 Carnevali et al. made use of the modal Monte Carlo method for sampling torsional space under a a͒ Author to whom correspondence should be addressed. FAX: ͑ϩ82͒ 2-889-1568. Electronic mail: sshin@snu.ac.kr force field projection scheme. 22 Chowdhury et al. not only reported ab initio folding simulation but also executed systematic studies on the rate limiting step of Trp-cage folding with both wild type and mutant trajectories, which was consistent with the contact-order theory. 16 Ota et al. performed folding pathway studies on computational grids and noted that the energy landscape of Trp-cage was highly rugged. 17 Pande and co-workers also applied their highly distributed computing techniques to studying not only folding dynamics directly compared with experiment but also the folding kinetics of Trp-cage in water and different solvent viscosity environments. 18, 23 In this paper, we report the successful application/ extension of efficient sampling method we have developed, 24 which is REM based on generalized effective potential, 25, 26 to the folding of Trp-cage miniprotein. The main focus of the present study is to demonstrate that the new method can probe relevant dynamics of protein folding with much smaller number of replicas compared to the conventional REM, implying significant improvements in terms of computational requirements for investigating realistic sized proteins ͑peptides͒. The general quantitative efficiency of the method is also examined for further improvements.
METHOD
Inspired by q-jumping molecular dynamics ͑MD͒ studies, 27 we have developed new form of REM, called Q-REM, 24 which uses Tsallis generalized effective potential 26, 28 as a coupling parameter. The generalized effective potential U Q ͑r N , ͒ is given by
where U͑r N ͒ is the original empirical potential in N-dimensional configurational space, ␤ =1/k B T with the Boltzmann constant k B and the temperature T, Q is a real number, and is an adjustable energy shift parameter. As Q approaches 1, the generalized potential U Q ͑r N , ͒ is reduced to the original empirical potential U͑r N ͒. One of the important features of the above generalized effective potential is its ability to reduce the energy barrier between local minima while the positions of local minima/maxima remain the same as the original potential. The amount of the reduced energy barrier can be adjusted using the parameter Q. We note that a similar concept has been explored by others such as Fenwick and Escobedo 29 and Whitfield et al. 30 By implementing the effective potential only for the potential energy terms responsible for the major motions of interest, one can enhance the sampling efficiency further. In general, the empirical potential energy has six terms: bond stretching motion, bending motion, electrostatic interaction, dihedral angle motion, nonbonded interaction, and solvation. In our implementation of Q-REM, we have considered all the potential energy terms as the effective potential except the bond stretching and bending. It is noted that solvation energy is also included in the effective potential.
We have modified the molecular dynamics package TINKER ͑Ref. 31͒ for Q-REM. The force field we used was AMBER99 with GBSA surface by Onufriev et al. 32 as implemented in TINKER. The simulation temperature was set to 298.0 K. We used the MD version of REM ͑Ref. 2͒ with a time step of 2 fs and the bond distances involving hydrogen atoms were fixed using RATTLE. The starting conformation was the energy minimized fully extended form and the ionizable side chains were all set to their pH of 7 protonated state, as in Pitera and Swope's work. 33 With set to 2000 kcal/ mol, which simply serves to keep the argument of logarithm in Eq. ͑1͒ as positive and can be found from a short preliminary run, we have found that six replicas are sufficient for the successful folding simulation. After the 1 ns of relaxation without replica exchange, the replica exchange was attempted at every 160 fs and the average replica exchange acceptance was about 29% with the Q values we selected. The selected Q values are 1.000 000, 1.000 053, 1.000 112, 1.000 173, 1.000 239, and 1.000 305. It is noted that one of the Q values is always set to 1.0 so that we can recover the canonical properties under the original potential surface and the determination of suitable Q values requires some simple preliminary runs ͑refer to the previous work 24 for how to choose suitable Q values͒. The simulation time length of each replica was 65 ns ͑a total of 390 ns with all the replicas͒ and the trajectory was saved at every 200 ps for further analysis.
The free energy surface was constructed from the resulting population distribution using
where ⌬F͑RMSD, R g core ͒ is the free energy difference for the state with radius of gyration R g core and C ␣ -based root mean square deviation ͑RMSD͒. Here, R g core is the atomic-mass weighted radius of gyration for hydrophobic core residues, Tyr3, Trp6, Leu7, Pro12, Pro17, Pro18, and Pro19, as adopted in Zhou's work. 34 R is gas constant, T is temperature, and P͑RMSD, R g core ͒ is the normalized population. 6 Conformations up to the initial 10 ns of simulation are discarded for free energy construction.
RESULTS AND DISCUSSION
We have performed Q-REM simulations of TC5b starting from the extended conformation. The overall potential energy distribution of each replica shows that there is significant overlap between neighboring replica pairs ͑Fig. 1͒. Figure 2 shows the time evolution of one of the trajectories ͑initially with Q = 1.0͒ in replica space. It can be seen that the trajectory visits every replica index ͑different Q values͒ many times within the simulation time, illustrating that the system is performing stochastic trajectory exchange during the Q-REM simulation. 35 Figure 3͑a͒ shows the time profile of C ␣ -based RMSD from the native structure for the trajectory with Q = 1.0 at 298 K. It is found that the trajectory begins to form a nativelike conformation ͑RMSDϽ 0.3 nm͒ at very early stage ͑ϳ3 ns͒ with wide structural transitions between folded and unfolded states afterwards, indicating that the system roughly begins to reach dynamic equilibrium between folded and unfolded states after initial stage of simulations. In other words, the Q-REM trajectory ͑Q =1͒ explores both folded and unfolded conformers as multiple folding/unfolding events are observed. Reversible folding/ unfolding events in replica exchange simulations may be characterized more properly by examining single continuing trajectory profile instead of a concatenated trajectory corresponding to a given Q value. The RMSD of a single trajectory corresponding initially to Q = 1 is monitored ͓Fig. 3͑b͔͒, which shows reversible folding/unfolding behavior. It is noted that fluctuations of RMSD for the single trajectory is much larger than those for the concatenated trajectory corresponding to Q = 1. The lowest RMSD is 0.054 nm and the level of RMSD agreement with our simulation is somewhat better than ͑or comparable to͒ other simulations. It is noted that the time evolution in Q-REM simulations may not represent dynamical events in real time, especially considering additional limitation due to the use of implicit solvation model.
Using the REMD trajectories of last 55 ns ͑10-65 ns͒,
we have constructed the free energy landscape of Trp-cage with respect to R g core and RMSD ͑Fig. 4͒. As a more stringent test of REM convergence, we compared free energy surfaces calculated with varying time intervals. We obtained a freeenergy surface of ͑RMSD, R g core ͒ with a different time interval, or "window." We shifted the window by half the size of the window, covering the whole simulation time. Figure 5 shows evolution of ͑RMSD, R g core ͒ free energy surfaces for 33.0 ns window. It was found that overall shape of the free energy landscape becomes converged and the free energy calculated from last 33 ns of trajectory is almost indistinguishable from that calculated by using full 55 ns trajectory, in particular, around the global minimum region. Furthermore, the free energy surfaces calculated with 16.5 ns window showed representative features consistent with the free energy surface from the full trajectory. The present free energy surface with respect to R g core and RMSD can be compared to the free energy landscape by Zhou. 19 Even though direct comparisons are difficult due to the differences in force fields and solvation models, it can be argued that the two free energy surfaces show very similar characteristics 
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including the observation of intermediate state around ͑RMSD, R g core ͒ = ͑0.40, 0.57͒. One of the representative structures on the free energy minimum, overlapped with the native structure, is shown in Fig. 6 . It is noticed that there are excellent matches not only in the backbone atoms but also in the orientation of the hydrophobic residues of Tyr, Trp, and Pro's. 20 These results demonstrate that reasonable canonical properties can be obtained from Q-REM and the native structure is correctly represented by the minimum of free energy space. In other words, Q-REM folding simulations starting from fully extended conformation provide free energy landscape with the native state correctly located around global free energy minimum.
In terms of the computational requirements ͑simulation time lengths͒ for each replica, our simulations are comparable to the conventional REM simulation by Pitera and Swope using the same all atom force field with GB solvation. 33 However, the number of replicas they used was 23, which is strikingly different from the 6 replicas used in the present study. Basically, this efficiency of Q-REM in terms of the number of required replicas comes from the fact that one can enhance major dynamic motions responsible for conformational changes by reducing potential barriers rather than exciting, by global heating, all the motions, some of which may not be crucial for conformational fluctuations. In other words, the Q-REM trajectory can pass the energy barrier along a more "folding responsible direction" compared to conventional temperature REM which depends on energy crossing along a thermally allowed "random direction." We emphasize that a Q-REM trajectory with Q = 1.0 gives canonical properties, and trajectories with Q 1.0 may be used to calculate the canonical properties at simulation temperature using WHAM ͑Refs. 4 and 36͒ even though the trajectories with Q 1.0 are somewhat nonphysical. Unlike the conventional REM, the Q-REM cannot give direct information on the temperature dependence. Instead, the main focus of Q-REM is to provide a REM sampling scheme with limited number of replicas, thereby enable one to explore the molecular systems with large degrees of freedom relatively easily.
Even though it has been a while since the REM was developed as an efficient sampling method in biomolecular simulations and method of choice for ab initio protein folding, 37 its application to very large biosystem is somewhat limited. One of the main obstacles may be large number of replicas needed for complex biomolecular systems. In this respect, there have been some attempts to address such issue. 12, 13, 38 In the present work, we demonstrated the efficiency of Q-REM by successfully folding the miniprotein TC5b starting from its fully extended structure with relatively small number of replicas. Similar enhancements in efficiency have been found for Q-REM in the previous studies on alanine dipeptide 24 and metenkephalin. It is noted that the factor of about 4 seems to be the improvements in efficiency of Q-REM over the conventional REM in terms of the required number of replicas. Further studies with even larger systems will be needed to prove general trends of efficiency improvements. It may be argued that Q-REM can handle a system size about 16 times larger than that of conventional REM with given computing resources since the required number of replica is proportional to the square root of system size ͑degrees of freedom͒. 7, 8 Even though the exact scaling behavior of Q-REM with system size has not been established, we expect that the relative computational efficiency of the current scheme will be much more pronounced for complicated /challenging molecular systems including very large biomolecules.
